The physical removal of colloidal particles, microorganisms and other particulate material is an important objective for drinking water utilities. Because of the low concentration of suspended material in drinking water, turbidity has traditionally been the main water quality parameter for assessing particle removal in water treatment. However, particle counting is becoming increasingly popular for process optimization in conventional plants and for monitoring membrane integrity in new microfiltration and/or ultrafiltration plants. The research describes a survey of particle removal at four water treatment plants in Nova Scotia. Turbidity and particle counts were analyzed in both raw and filtered water. The treatment processes of the four plants was compared using particle count data. The results indicate that particle counters are able to detect decreases in filter performance earlier than turbidimeters.
Introduction
The physical removal of colloidal particles, microorganisms and other particulate material is an important objective for drinking water utilities. Because of the low concentration of suspended material in drinking water, turbidity has traditionally been the main water quality parameter for assessing particle removal in water treatment. Turbidity is a measure of the amount of light scattering caused by particulate material (Droste 1997) , which is not necessarily a direct reflection of the size or concentration of particulate material in drinking water. Although turbidity may not have a direct impact on public health, it can have deleterious effects on disinfection and other physical/chemical processes as well as weaken the overall aesthetics of drinking water. The Canadian Drinking Water Guidelines require that treated water have a maximum turbidity of 1.0 NTU (Health Canada 1996) ; however many utilities strive to obtain a filtered water turbidity of 0.1 NTU (Bellamy et al. 1993) .
Particle counting provides excellent resolution at low turbidity levels and is able to quantify the number of particles greater than 2 µm in water. Particle counters typically show the deterioration of filtered water particle concentration earlier and more precisely than a turbidimeter because of their high sensitivity and higher resolution at low particle concentra-tions (Chowdhury et al. 1997) . The need for enhanced resolution has grown increasingly in recent years by concerns about public risks associated with Giardia lamblia, Cryptosporidium parvum and other microbial pathogens. The size range for Giardia and Cryptosporidium is 8 to 12 µm and 4 to 5 µm, respectively (O'Shaughnessy et al. 1997) , which is in the detectable range for most commercially available on-line particle counters. Since concentrations of particles in this size range do not correlate with turbidity measurements, turbidity removal efficiencies by filtration probably do not correlate with particle removal (Kimbrough et al.1998) .
Particle counting is a relatively new process monitoring technology and consequently drinking water guidelines have not been established. Nevertheless particle counting is becoming increasingly popular for process optimization (Barsotti et al. 1998) in conventional plants and for monitoring membrane integrity in new microfiltration and/or ultrafiltration plants (Mourato and Carscadden 1998) . Hargesheimer et al. (1998) observed that increasing the alum dose from 5 to 10 mg/L had relatively little effect on turbidity, whereas the number of particles ≥2 µm/mL in the filtered water was reduced by at least a factor of 3 under steady-state conditions. In addition the higher coagulant dosages result in a shorter bed life, as detected by an increase in particle counts prior to filter backwashing (Hargesheimer et al. 1998) .
The objective of this research was to perform a particle removal survey at four water treatment plants in Nova Scotia by analyzing turbidity and particle counts in both raw and filtered water. In addition, by observing a stressed filter run, a comparison was made between the sensitivities to changes in water quality between turbidimeters and particle counters. As well, where possible, the pretreatment processes of different plants will be compared using particle count data.
Materials and Methods

Site Description
Particle removal was evaluated at four water treatment plants in Nova Scotia. The plants were located in Dartmouth, Halifax, Truro and Port Hawkesbury. These locations were selected based on their process selection, which ranged from direct filtration to conventional treatment with sedimentation.
All four plants treated surface water with relatively low alkalinity, turbidity and color. The water quality characteristics of the source waters are shown in Table 1 .
Dartmouth
Lake Major is the water source for Dartmouth and is treated at the Lake Major Water Treatment Plant, which has an average daily flow rate of 45 ML/day and was commissioned in December 1998. The process train consists of pre-oxidation (with KMnO 4 ), CO 2 addition, coagulation (alum), upflow clarification, dual-media filtration (anthracite/sand), pH -adjustment (NaOH addition) and disinfection with free chlorine. Prior to the commissioning of the new plant, the previous plant used chlorination with polyphosphate addition to sequester iron and manganese.
Halifax
Pockwock Lake is the primary water source for most of Halifax and the other suburban areas of the Halifax Regional Municipality. Water from Pockwock Lake is treated at the J.D. Kline Water Supply Plant, which has an average daily flow rate of 100 ML/day. The process train at the J.D. Kline Water Supply Plant consists of pre-oxidation (with KMnO 4 ), CO 2 addition, coagulation (alum), flocculation, dual-media filtration (anthracite/sand), lime addition and disinfection with free chlorine. Postfiltered water has an average turbidity of 0.03 NTU. The turbidity in the finished water, however, increases to approximately 0.35 NTU from postfilter lime addition. Backwashing of the filters occurs approximately every 60 to 70 hours. During filter ripening (i.e., the initial period immediately following a backwash event), the water is not filtered to waste. Instead, the flow through that particular filter is reduced to ensure the other filters will dilute the ripened water.
Truro
The Victoria Water Treatment Plant obtains water from the Leper Brook reservoir and supplies water to the Town of Truro. The plant employs conventional treatment with coagulation (alum), flocculation, sedimentation with lamella plates, dual-media filtration (anthracite/sand) and disinfection with free chlorine. As well, the plant uses lime and caustic to adjust the pH. The plant treats, on average, 12 ML/day.
Port Hawkesbury
The water source for Port Hawkesbury is Landrie Lake, which has a raw water turbidity of 0.69 NTU. The treatment train consists of coagulation using alum, dissolved air flotation followed by filtration and disinfection with chlorine. The filter media consists of torpedo sand, silica sand and anthracite. The average daily flow through the plant is 2.4 ML/day.
Particle Counter
The 1900 WPC is a continuous-reading instrument that uses light extinction technology for sizing and counting particles. The sensor light source is a solid state laser diode (780 nm infrared) capable of counting particles from 2 to 800 microns in diameter. Particles can be sorted into as many as 15 user-adjustable channels, depending on the software selected. The optical system for the sensor features an infrared laser diode. A large 1 mm × 2 mm sample flow cell accurately sizes and counts the particulate matter and reduces clogging. The flow cell is made from sapphire, which allows brush cleaning without damaging the wetted surfaces and minimizes mineral deposits on optical surfaces. The sensor assumes that all particles are spherical in shape when measuring particle size. Using a con-stant head device (CHD) with the 1900 WPC sensor provides a constant, regulated flow during the sampling process and reduces the amount of air bubbles passing through the sensor.
Turbidimeter
The 1720D Low Range Process Turbidimeter system consists of at least one 1720D Turbidimeter, one AquaTrend Interface with Signal Output Module, and one PS1201 Power Supply. Operators can also incorporate additional output devices, creating a customized turbidity monitoring network suitable for a wide range of applications. The body of the 1720D reduces stray light, resulting in improved low-end performance and more accurate readings. The instrument also features an improved sensor head that increases reliability and protects electronic and optical components from corrosion. A continuously flowing sample enters the turbidimeter body and flows through a bubble trap, designed to vent any entrained air bubbles from the sample stream. After traveling through the bubble trap, the sample enters the center column of the turbidimeter, rises into the measuring chamber and spills over the weir into the drain port. Turbidity is measured by directing an intense beam of light from the sensor head assembly down into the sample in the turbidimeter body. Light scattered at 90°by suspended particles in the sample is detected by the sensor's submerged photocell. The amount of light scattered is proportional to the amount of turbidity in the sample. Both the turbidimeter and the particle counter are factory calibrated.
Portable Sampling Unit
In this study two 1900 WPC particle counters and two 1720D low range turbidimeters along with an Aquatrend Interface and laptop computer were mounted on a trolley, creating a portable sampling unit that was transported to the different treatment plants. Figure 1 shows a process diagram of the portable sampling unit. At each plant, an on-line particle counter and turbidimeter were connected to both the raw water intake and the effluent of an individual filter. One filter was isolated so that backwashing events could be critically evaluated. Also, particle interference, caused by post-lime addition, would be avoided by connecting the pipes to the filtered water rather than to the finished water of the plant.
Each water supply line was split using a t-junction and fed through the appropriate sensor with wastewater going to a drain. One particle counter was designated the primary sensor through which all data was communicated to the laptop. Turbidity data passed from the turbidimeters to the Aquatrend interface and then to the primary sensor.
Each of the four treatment plants posed their own unique challenges. In all cases, the connections to the raw water and filtered water were at different locations in the plants. This required long lengths of hose to get water to the sampling unit. Another concern was ensuring that adequate head was achieved to ensure the required flow was obtained through the particle counter.
Data Collection
The Aqua View+ data collection software was configured to record data from the particle counters every 60 seconds. Five different particle size ranges were selected for readings: 2 to 5 µm, 5 to 10 µm, 10 to 15 µm, 15 to 20 µm, and ≥20 µm. The turbidimeters were configured to take a reading every 20 seconds. The high frequency of data collection was selected to ensure small spikes in total particles or turbidity would not be omitted. A large number of readings prior to and after filter backwash are important since both the particle counts and turbidity values fluctuate greatly over a relatively short period of time.
Because of the large quantities collected on a daily basis, a macro in Microsoft Excel© was written to format the data prior to analysis.
Results and Discussion
Overall Performance
In order to assess the overall performance of each of the treatment plants, the parameters of interest were turbidity, total particle counts (>2 µm) and log removal during a filter run.
Because there are no guidelines established for particle counting, the significance of a filtered water particle count value is difficult to evaluate. Therefore, to determine the relevance of the filtration process from a prac- tical perspective, the log removal of particles with a diameter greater than 2 µm was calculated. Log removal was determined by:
(1)
The advantage of calculating log-removal is that the variance in particle counter performance between manufacturers that has been reported in literature (Van Gelder et al. 1999 ) is reduced because this form of data analysis is a relative removal rather than absolute removal. However caution should be used when using relative removals for design and operation. For example, a plant that has a raw water and filtered effluent particle count of 100,000 particles/mL and 1,000 particles/mL would report a 2-log removal (i.e., 99% removal) of particles. Similarly, a plant with a raw water and filtered effluent particle count of 10,000 particles/mL and 100 particles/mL would also report a 2-log removal by filtration. Although both filters are removing the same percentage of particles or log removal, the former plant has a higher number of filtered water particles, which is indicative of poorer water quality and an increased vulnerability to a breakthrough of waterborne pathogens. Nevertheless, in North American practice, it is common to receive a disinfection credit for 2-log removal of Giardia for having filtration in the treatment train (Droste 1997) . Table 2 contains the overall performance of the four treatment plants with regards to turbidity, total particle counts and log removal for raw and filtered water. They are all average values taken during normal filter operation. There were several options for determining the average over a filter run. A typical filter run involves a period of ripening after the backwash event during which turbidity and particle counts remain at an elevated level before gradually diminishing to levels of normal operation. Many plants send this ripening water to waste or run the filter at a lower flow and dilute it with clean water from other filters. To avoid these elevated particle counts in the averages, it was decided to calculate the mean from one hour after backwash until immediately before the next. This would allow enough time for the filter to ripen and give the average over normal filter operation. This average is shown in Fig. 2 , which shows a filter run with total filtered particles at Truro.
Overall, the data in Table 2 for Halifax, Truro and Port Hawkesbury indicate that their filters are able to achieve 2-log removal. The filtered particles are all in the range of 22 to 32 particles/mL. The high value for filtered particles greater than 2 µm at Dartmouth can be attributed to very long ripening periods of an average length of 5 hours (based on 6 filter runs).
Prior to making any conclusions on the effect of the treatment train on finished water quality, a plot of total filtered particles versus total raw particles was made and can be found in Fig. 3 . This plot shows that if the number of particles increases in the raw water, the number of filtered particles remains relatively the same. Therefore the raw water is independent of filtered water, indicating that the main difference between the treatment processes is the actual process selection and operation.
Stressed Filter Run
A stressed filter was defined as a filter run that is operated beyond its conventional operating time. It is expected that deterioration in water quality will occur the longer the filter is operated and particle breakthrough will eventually occur (Moran et al. 1993) . The purpose of observing particle counts and turbidity during a stressed filter run was to observe the instrument's sensitivity to a change in water quality. For this The evolution of turbidity during the stressed filter run is shown in Fig. 4 . The two large spikes at the start and end indicate the backwash events. During normal filter operation, the turbidity was maintained at approximately 0.04 NTU. At approximately 72 hours into the filter run, the turbidity started to increase to a maximum of 0.1 NTU before backwashing occurred at approximately 96 hours. For the entire filter run, the turbidity varied from a minimum of 0.04 NTU to a maximum of 0.1 NTU (excluding the spikes) and was always below the Canadian drinking water guideline of 1.0 NTU. The spikes are a result of minor fluctuations in water quality, which are generally of less concern than the overall trend. Based on a study by Hargesheimer et al. (1998) , changes in water treatment processes had little affect on turbidity. Because turbidity increased by only 0.06 NTU, it would be difficult to reliably discern whether the filter would be vulnerable to particle breakthrough. Similarly, Hargesheimer et al. (1998) found that changes in upstream process operation had very little affect on filtered water turbidity. Figure 5 shows the plot of total raw and filtered particles during the stressed filter run. During normal filter operation the number of particles in the filtered water is approximately 20 particles/mL. A deterioration in water quality was observed after 48 hours. From 48 hours to 96 hours into the filter run, particles started to gradually increase to a level of 100 particles/mL. Because there are no guidelines established for particle counting, the significance of a filtered water count of 100 particles/mL (diameter >2 µm) is difficult to evaluate.
Therefore, from a practical perspective, to observe the filter's ability to remove particles, the log removal of particles with a diameter greater than 2 µm was calculated. Figure 7 shows the log removal of particles greater than 2 µm for the stressed filter run at the Halifax plant. At the start of the run, the filter is achieving 2-log removal and this improves to Fig. 4 . Turbidity removal during stressed filter run. about 2.3-log removal after about 24 hours. Then, at approximately 48 hours, when the number of particles starts to increase, the log removal of particles >2 µm begins to decrease. After 60 hours into the filter run, the log removal is below 2-log removal, and at the end of the filter run, it has decreased to 1-log removal. From a practical perspective, by monitoring particle removal, an operator could use 2-log removal as an indication that the filter had worked beyond its normal filter operation range and that backwashing should occur.
Comparison Among Process Operations
All four treatment plants had varying treatment trains that could have a possible effect on particle removal capabilities. Where possible, a comparison between the treatment processes during normal filter opera- tion was made. The two plants that were used were Truro and Port Hawkesbury. Halifax was not used because of the stressed filter run, and Dartmouth was eliminated because, during data collection, the plant was undergoing process optimization and the results were not indicative of normal filter operation.
The treatment trains at Truro and Port Hawkesbury have similarities as well as some major differences. Table 3 summarizes the treatment process. They both use coagulation with alum. In Truro this step is followed by sedimentation while in Port Hawkesbury it is followed by dissolved air flotation (DAF). It is due to the DAF that the coagulant dose is so much higher in Port Hawkesbury because it exerts a large demand for coagulant. The filters at both plants are similar.
A comparison was made between the two treatment processes by comparing average filtered particles greater than 2 µm and average log removal for five consecutive filter runs. Raw particles were not examined because it was shown in Fig. 3 that they are independent of filtered particles.
The bar chart in Fig. 7 shows the filtered particles greater than 2 µm for Truro and Port Hawkesbury. Filter runs 1 to 3 at Truro are all below 20 particles/mL, but then filter runs 4 and 5 are somewhat higher. All five filter runs at Port Hawkesbury range from 25 to 40 particles/mL. The variation in particle counts show that each filter run is not dependent on the previous one, since the backwash scours the bed and leaves it fresh for the next filter run. Again the difficulty of interpreting particle counts without any guidelines factors in. It could be possible that both Truro and Port Hawkesbury may be within acceptable limits if there were guidelines established.
Comparing the two treatment processes, Truro generally has a lower number of total particles than Port Hawkesbury in its filtered water. One contributing factor is that Truro uses garnet for the bottom layer of their filter. Garnet typically has a smaller diameter than sand (Droste 1997) , which reduces the filter pore size. In addition, there could be bubbles present in post-filtered water, although precautions are made in the particle counter to avoid interference, the presence of pin-size bubbles from the DAF unit may have biased the results. Similar data for log removal were analyzed for the two treatment plants. The log removals for both plants were on average always above 2-log removal.
Using log removal data is a more practical representation of the filter performance. From an operational point of view it gives an operator an indication of what the filter is actually removing. From a regulatory point of view, total number of particles is a good indicator of whether or not a set limit or goal, possibly set by the operator, is being met. Neither parameter should be used on their own, but in conjunction with each other. Just because a filter is achieving 2-log removal does not necessarily mean that the total number of filtered particles is under the required limit.
Practical Implications
The increase in the number of particles in filtered water is an indicator that a filter's performance is starting to decrease, but there are no established guidelines for the maximum number of particles in drinking water. Therefore, plant operators can only use their own judgement to what they feel is an upper limit for particle counts in filtered water. Studies should be undertaken to attempt to establish guidelines for particle counts in drinking water. It may be beneficial for plants to set their own goals and consistently try to exceed them, and then establish lower goals and attempt to meet them. As well, provincial or federal agencies can get involved to set practical limits for particles.
A difficulty that may be encountered when trying to establish guidelines is the accuracy of different manufacturers' particle counters. Studies have shown that different makes and models of particle counters tend to give varying results (Vasiliou et al 1997) . Therefore, basing filtration decisions solely on total particle counts may not be ideal.
Conclusions
In general, particle counting provides a more precise measurement for suspended solids in drinking water than turbidity. This especially becomes apparent at turbidities less than 1.0 NTU because the resolution is so poor. Although particle counting can give better results than turbidity, it should Particle counting provided an early warning detection of filter breakthrough for suspended matter with diameters greater than 2 µm. The results of this study show that filter deterioration is detected much sooner with particle counters than with turbidimeters. During a stressed filter run, filter deterioration was detected at 72 hours using the turbidimeter while the particle counter detected it at 48 hours.
A comparison between treatment trains was difficult to develop because of many different variables that may affect particle counts. The DAF unit could introduce increased number of air bubbles and the particle counter could mistake them for particles. Different filter media could result in reduced or increased particle counts. In order to make a good comparison, more variables would have to be held constant.
